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[1] Three-dimensional (3-D) distribution of scattering
coefficients in the crust beneath northern Miyagi prefecture
of northeastern Japan is estimated using an envelope
inversion method in order to investigate the short-
wavelength inhomogeneous structure that cannot be
imaged by conventional travel-time tomography. The
inversion revealed two large scattering coefficient zones
(LSZs) which are distributed beneath active volcanoes and
around the mainshock fault of the 1962 M 6.5 Northern
Miyagi earthquake. These LSZs merge in the lower crust,
and the characteristic distribution correlates well with
the previously reported seismic low-velocity zones, which
are perhaps caused by fluids. We inferred that fluids
are supplied from the lower crust to the upper crust along
the LSZs, resulting in inhomogeneous structures such
as localized distribution of fluid-filled cracks. It is
expected that this distribution of fluids will cause strain and
stress accumulation, affecting seismic activity in this
region. INDEX TERMS: 7205 Seismology: Continental crust
(1242); 7218 Seismology: Lithosphere and upper mantle; 7230
Seismology: Seismicity and seismotectonics; 8180 Tectonophysics:
Tomography. Citation: Asano, Y., K. Obara, J. Nakajima, and
A. Hasegawa (2004), Inhomogeneous crustal structure beneath
northern Miyagi prefecture, northeastern Japan, imaged by coda
envelope inversion: Implication for fluid distribution, Geophys.
Res. Lett., 31, L24615, doi:10.1029/2004GL021261.
1. Introduction
[2] Northeastern Japan (NE Japan) is a typical island
arc located along the western rim of the Pacific Ocean
(Figure 1a). Many shallow earthquakes with thrust fault
mechanisms occur in the upper crust of this arc, which are
considered to be caused by EW compression imparted by
the Pacific plate as it subducts beneath the arc. The activity
of the shallow earthquakes is not spatially uniform in this
arc but concentrated along and around the Ou backbone
range containing active volcanoes [Hasegawa et al., 2000]
(Figure 1b).
[3] Nakajima et al. [2001a] estimated the seismic
velocity structure beneath NE Japan and clearly imaged
low-velocity zones (LVZs) distributed continuously in the
mantle wedge parallel to the subducting Pacific plate. They
suggested that the LVZ in the mantle wedge, having high
Vp/Vs, is caused by the presence of partially molten material,
and concluded that the LVZ corresponds to the ascending
flow from deeper areas on the back-arc side mechanically-
induced by the plate subduction. Nakajima et al. [2001b]
imaged the fine velocity structure of the crust in the central
part of NE Japan and inferred the local intrusion of
partially molten material into the lower crust beneath active
volcanoes. Recently, Nakajima and Hasegawa [2003]
imaged the detailed velocity structure of the crust in and
around northern Miyagi prefecture, NE Japan. They
revealed two conduits in the upper crust characterized with
low-Vp, low-Vs, and slightly lowered Vp/Vs, which are
distributed beneath Naruko volcano and a deeper extension
of the mainshock fault of the 1962 M 6.5 Northern Miyagi
earthquake. In that study, these conduits in the uppercrust
were interpreted as related to the existence of H2O supplied
from the underlying partial melting zone in the lower crust
and the upper mantle. From magnetotelluric (MT) observa-
tions, Mitsuhata et al. [2001] imaged a conductive zone
immediately beneath the aftershock area of the 1962 north-
ern Miyagi earthquake, concluding that the conductive
zones indicate the existence of connected cracks filled with
H2O. Hori et al. [1999] investigated the spatial distribution
of S-wave reflectors in this region. These previous results
imply that fluids are supplied from the deeper portions to
just beneath the seismogenic layer, and such a localized
supply of fluids is considered to have some influence on the
seismic activity in the upper crust.
[4] In the present study, 3-D scattering structure of the
crust in this region has been investigated, and the implica-
tions of the results with respect to the previous studies are
discussed. Estimated distribution of scattering coefficients
provides information on short-wavelength inhomogeneous
structures, which are difficult to be imaged by conventional
travel-time tomography, allows structures such as fault-
damaged zones, fluid-filled cracks, and magma bodies to
be recognized.
2. Observation and Data
[5] The Joint Seismic Observation in Tohoku was carried
out in the vicinity of the Ou backbone range from 1997 to
1999 in order to understand the deformation process of the
northeastern Japan arc [Hasegawa and Hirata, 1999].
Seismograms analyzed here were observed by short-period
velocity-type seismometers at temporary stations and
permanent stations deployed by the Research Center for
Prediction of Earthquakes and Volcanic Eruptions (RCPEV)
of Tohoku University, and the Japan Meteorological Agency.
The signals from seismometers were recorded with a
sampling frequency of 100 Hz.
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[6] We estimated 3-D distribution of scattering coeffi-
cients in northern Miyagi prefecture from observed enve-
lope seismograms of S-coda by using a grid inversion
method [Asano and Hasegawa, 2004]. Synthetic envelopes
are calculated based on single scattering theory [e.g., Sato,
1977]. In this calculation, we assumed a similar 1-D depth-
dependent velocity structure to that of Hasegawa et al.
[1978], and intrinsic-absorption parameter to be a spatially
uniform value (Qint
1 = 0.002) in reference to Hoshiba
[1993]. As shown in Figures 2a and 2b, 2471 grid points
were set with a 7.5-km (horizontal) and 6-km (vertical)
spacing in the central part of the study area, and a 15-km
(horizontal) and 12-km (vertical) spacing in the surrounding
areas. Scattering coefficient in each grid point was estimated
as the unknown parameter in this inversion.
[7] We selected 179 earthquakes with M 1.5–3.0, taking
the spatial distribution of the hypocenters into consideration
to ensure good coverage of scattering shells from a spatially
uniform distribution of stations and hypocenters. Although
Asano and Hasegawa [2004] assumed double-couple
source radiation, isotropic source radiation is assumed
in the present study in order to allow the use of many
microearthquakes whose focal mechanisms cannot be
determined. Even if an inexact model of source radiation
is employed, it is expected that a reliable distribution of
scattering coefficient will be obtained due to the spatially
uniform distribution of hypocenters. For this set of earth-
quakes, 1299 three-component seismograms recorded at
44 stations were selected for the analysis (Figure 2a).
Envelope seismograms were produced from these three-
component seismograms after processing the signals with a
bandpass filter (4–8 Hz). Time windows for fitting enve-
lope seismograms were set from 1.5 times travel-times of
direct waves to about 30 s from origin times in order to
prevent from effects of forward scattering and multiple
scattering [Asano and Hasegawa, 2004], then scattering
coefficient estimated in this inversion mainly reflects back-
ward scattered coefficient.
[8] The backward scattering coefficient for S wave is
characterized by MS fractional fluctuation e and correlation
distance a in randomly inhomogeneous elastic structure
[e.g., Sato, 1984], however it is difficult to quantitatively
evaluate the factors from our results of the single frequency-
band analysis. Therefore we will discuss qualitative extent
of heterogeneity from the following results.
3. Results and Discussion
[9] The spatial resolution of the present inversion was
evaluated by checkerboard resolution test (CRT) [Asano
and Hasegawa, 2004]. Synthetic envelope seismograms
were generated for a medium having a checkerboard-
patterned scattering structure. The medium included check-
erboard pattern of 15  15  12 km3 anomalous zones
with a large scattering coefficient (g0 = 0.02 km
1) in a
background medium (g0 = 0.001 km
1) (Figure 3). Random
noise (20% of the synthetic energy density) was added to
the synthetic envelope seismograms, which were then
analyzed by the inversion. The initial model of the scatter-
ing coefficient structure was set so as to have a spatially
uniform scattering coefficient (g0 = 0.005 km
1), and the
model was modified iteratively. The residuals were suffi-
ciently reduced after five iterations, and the checkerboard
pattern is well reproduced in the central part of the study
area to 30-km depth (Figure 3). Therefore, the scattering
structures in the central area are discussed in the remainder
of this paper.
[10] In the application to the real data, the estimated
distribution of scattering coefficients at 6-km depth is
shown in Figure 4. Two large scattering coefficient zones
(LSZs) are clearly seen in the upper crust. The largest LSZ
is distributed beneath a volcanic area (Figure 4). This area
incorporates two active volcanoes (Kurikoma and Naruko),
below which deep low-frequency microearthquakes perhaps
generated by rapid movement of fluid occur frequently
Figure 1. (a) Regional map of NE Japan. Rectangle
denotes the study area shown in Figure 1b. Active volcanoes
and the Ou backbone range are indicated by triangles and a
dashed line, respectively. (b) Local map of the northern
Miyagi prefecture (origin: 40.0N, 140.8333E). Gray scale
and contours denote EW strain rate [Sato et al., 2002;Miura
et al., 2002] with a contour interval of 100 nano-strain/year.
Small circles denote shallow earthquakes (depth <40 km)
determined by the RCPEV for the period Oct. 1997 to Dec.
2002. A star and solid lines denote the epicenter of the 1962
Northern Miyagi earthquake and active faults [Active Fault
Research Group, 1991], respectively.
Figure 2. Grid configuration for inversion. Grid points at
which scattering coefficients were estimated are indicated
by solid circles. Open circles and crosses denote hypocen-
ters and stations used in this analysis, respectively. (a) Map
view, (b) NS vertical cross-section at 52.5-km easting.
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[Okada and Hasegawa, 2000], and several collapsed
structures associated with Quaternary calderas have been
identified [Yoshida, 2001]. It is expected that these shallow
structures, and deeper structures related to magma bodies of
these volcanoes, can be detected as inhomogeneous struc-
tures by scattered waves. The other clear LSZ is located
around the mainshock fault of the 1962 Northern Miyagi
earthquake (Figure 4). Although no causative faults of the
earthquake are listed in the catalogue of active faults [Active
Fault Research Group, 1991], blind faults can scatter
seismic waves similar to the fault-damaged zones along
the San Andreas fault system [e.g., Revenaugh, 1995;
Nishigami, 2000].
[11] To aid discussion of the depth distribution of
scattering coefficients, an EW vertical cross-section cross-
ing Naruko volcano and the mainshock fault of the 1962
Northern Miyagi earthquake are shown in Figure 5c. The
LSZ around the mainshock fault reaches to a deeper
extension of the fault, eventually connecting with the other
LSZ beneath Naruko volcano in the lower crust. The LSZs
are distributed on the top of an LVZ with characteristic
high Vp/Vs in the lower crust and uppermost mantle, and
distributed in and around the LVZ with slightly lower Vp/Vs
in the upper crust imaged by Nakajima and Hasegawa
[2003] (Figure 5). They interpreted that the LVZs in the
uppermost mantle and lower crust are crossed by partial
melt, and those in the upper crust are due to H2O supplied
from the partial melting zone in the lower crust. S-wave
reflectors [Hori et al., 1999] are mainly located on the top
surface of the LSZs. These reflectors may also correspond
to the top surface of the fluid distribution. These results
suggest that present imaged LSZs correspond to the
pathways of H2O from the lower crust to the upper crust.
The large scattering coefficient means that strong short-
wavelength fluctuation of impedance [e.g., Sato, 1984]
exists in the LVZ imaged by seismic tomography with a
spatial resolution of about 10 km. Such a structure can be
caused by inhomogeneous distribution of fluid-filled cracks
in the LVZs, which may be related to fluid channel system
[e.g., Bra¨uer et al., 2003].
Figure 4. Estimated distribution of scattering coefficients
at 6-km depth. Color scale denotes scattering coefficients.
Earthquakes occurring at a depth of 3 to 9 km and active
faults are shown by small circles and solid lines,
respectively. Line A-B indicates the horizontal location of
the vertical cross-section shown in Figure 5. Other symbols
are the same as shown in Figure 3.
Figure 5. Vertical cross-sections of (a) Vs perturbation,
(b) Vp/Vs [Nakajima and Hasegawa, 2003], and (c) scattering
coefficients along line A-B in Figure 4. A triangle and a
rectangle denote Naruko volcano and the projected fault
plane of the 1962 Northern Miyagi earthquake [Kono et al.,
1993]. Dots, red circles, and red lines denote shallow
earthquakes, deep low-frequency earthquakes [Okada and
Hasegawa, 2000], and S-wave reflectors [Hori et al., 1999],
respectively. An area enclosed by gray line segments is the
same as shown in Figure 3d. The partial melting zone and the
pathways of H2O interpreted by Nakajima and Hasegawa
[2003] are shown by a dashed line and arrows, respectively.
Figure 3. Results of the CRT at (a) 6-km depth, (b) 18-km
depth, (c) 132.5-km northing, and (d) 140.0-km north-
ing. Color scale denotes scattering coefficients. Open and
solid circles denote grid points with the assumed scattering
coefficients of 0.02 km1 and 0.001 km1, respectively.
The epicenter of the 1962 Northern Miyagi earthquake and
active volcanoes are indicated by a star and triangles,
respectively. An area in which the assumed patter is well
reproduced is enclosed by gray line segments.
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[12] If the lower crust with fluid-filled cracks has lower
shear-strength than the dry surroundings [e.g., Ohnaka,
1995], localization of the cracks in the lower crust will
cause stress accumulation in the upper crust [e.g., Liu and
Zoback, 1997]. Fluids may be also supplied to the upper
crust, reducing effective normal stress on faults [e.g.,
Zoback and Harjes, 1997] and contributing to stress corro-
sion as corrosive agents [e.g., Michalske and Freiman,
1982]. The resultant seismicity expected from these putative
mechanisms is consistent with the observed seismicity,
with increased activity in and above the LSZs (Figure 4).
Sato et al. [2002] and Miura et al. [2002] investigated the
distribution of strain rates based on GPS data densely
deployed in NE Japan. Their results show that EW compo-
nent of the strain rate is locally large along the Ou backbone
range, and that the distribution of large contraction defor-
mation is consistent with that of seismically active regions
of shallow earthquakes (Figure 1b). The LSZs detected here
in the upper and lower crust (Figures 4 and 5c) correlate
well with the reported areas of large strain accumulation.
This correlation may indicate the accumulation of both
strain and stress in the upper crust due to the localized fluid
distribution. Although the present results, inferred from
seismological observations, suggest a gross relationship
between crustal deformation, seismicity, and the fluid dis-
tribution, the spatial correlation between LSZs and active
faults [Active Fault Research Group, 1991] is not so clear
(Figure 4). This may suggest that only faults that include
fluid-filled cracks can effectively scatter seismic waves and
be detected as LSZs.
4. Conclusions
[13] The scattering structure of the crust beneath the
northern Miyagi prefecture, NE Japan, was investigated
using a coda envelope inversion method. The estimated
distribution shows that LSZs are distributed beneath a
volcanic area and around the mainshock fault of the 1962
Northern Miyagi earthquake. This LSZ distribution forms a
good spatial correlation with seismic velocity structures,
suggestive of fluid pathways [Nakajima and Hasegawa,
2003]. These pathways appear to be inhomogeneous struc-
tures, related to the non-uniform distribution of fluid-filled
cracks. The fluid distribution inferred from the LSZs
also forms a good spatial correlation with seismicity and
horizontal strain.
[14] Acknowledgments. The authors acknowledge the assistance of
the Group for Joint Seismic Observation in Tohoku, Tohoku University, and
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